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Abstract 
Flexible and controllable self-regulating heating devices have great potential for use in 
applications such as healthcare devices, soft robotics, artificial skins and wearable electronics. 
Conventional self-regulating heating devices are often limited by the rigid nature of the 
polymer matrices, particularly at high conductive filler concentrations. In this paper, this 
limitation has been successfully tackled by using binary polymer blends that can achieve a 
desirable combination of mechanical, electrical and pyroresistive properties. The addition of a 
suitable secondary thermoplastic elastomeric polymeric phase did not only improve material 
flexibility, but did also tune the positive temperature coefficient (PTC) behaviour. For the first 
time, we systematically explore the effect of different blend morphologies as well as the 
selective localization of conductive fillers like graphene nanoplatelets (GNPs) on the overall 
mechanical and pyroresistive performance of self-regulating conductive polymer composites 
(CPCs). The effect of different blend morphologies was studied using different thermoplastic 
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elastomers (TPEs) as secondary phases, and various blend compositions, into a GNP filled high 
density polyethylene (HDPE) nanocomposite. Blend morphologies included immiscible binary 
blends with a fine and coarse droplet morphology and a co-continuous morphology. In doing 
so, this study serves as a guideline for the selection of a secondary elastomeric phase in polymer 
blend based CPCs for optimised device flexibility and self-regulating heating functions. 
Introduction 
Conductive polymer composites (CPCs) have attracted increasing amounts of attention due to 
their ease of fabrication and wide range of applications.1–3 Many novel devices in the area of 
health monitoring and wearable electronics are made of CPCs, with various functionalities 
including sensitivity to strain, damage, humidity, and temperature.4–9 Self-regulating heating 
devices benefit from another intrinsic feature found in CPCs: the positive temperature 
coefficient (PTC) effect, where the electrical resistivity increases with increasing operating 
temperature. The large increment in resistance of these materials is in correspondence with a 
phase transition of the polymer matrix and results in an automated safety cut-off of the heating 
process in the device.10,11 This temperature induced phenomenon has also been used in other 
applications, like temperature sensors, current limiting devices, resettable fused and safety 
batteries. 
Since the initial discovery of large PTC behaviour of CPCs in the 1970s, high density 
polyethylene (HDPE) is one of the most used polymeric materials for self-regulating heating 
applications.10,12 The semi-crystalline nature, good thermal stability and high thermal 
expansion rate around the melting point provide HDPE-based CPCs with superior PTC 
behaviour.13–15 However, the limited mechanical ductility, particularly in the case of high 
conductive filler loadings, makes these composites unsuitable for a number of applications that 
require greater flexibility.16,17 
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Many attempts have been made to improve the flexibility and reduce the brittleness of polymer 
based self-regulating heating materials. For example, one approach is to utilise high aspect-
ratio nanofillers such as carbon nanotubes (CNTs) and graphene instead of traditional carbon 
black (CB) to lower the overall filler loading.18–21 However, the negative temperature 
coefficient (NTC) effect, where the resistance decreases with increasing temperature, may 
dominate the behaviour of these composites, particularly for nanoparticles which undergo 
extensive agglomeration or flocculation. Other methods involve the use of more flexible 
polymeric matrices like rubbers or thermoplastic elastomers (TPEs).22 Unfortunately, in the 
latter case, the PTC performance is often sacrificed due to the absence or a low degree of 
crystallinity and the limited thermo-mechanical response.9 
In the current study, unlike traditional PTC devices which typically employ only a single 
polymer for the CPC, binary blends of HDPE and a TPE are pursued to find an optimal balance 
between ductility or flexibility and the PTC effect. Although PTC materials based on 
immiscible polymer blends have been previously investigated, the main focus has been on the 
elimination of the NTC effect and improvement of the PTC reproducibility, as reported by Zha 
et al. and Chen et al.20,23 However, the addition of an elastomeric phase into a rigid polymer 
based CPC to increase the ductility and flexibility while preserving the pyroresistive properties 
has not yet been systematically studied. This will be the aim of this paper. 
The properties of multiphase polymer composites areguided by many factors, including the 
location of the filler, the compatibility between the phases, and their morphologies.13,24–26 The 
location of nanoparticles in immiscible polymer blends prepared by melt mixing is the result 
of a complex interplay between various thermodynamical and processing parameters, such as 
the absolute viscosity and viscosity ratio of the polymers, interfacial tension of the constituents, 
and compounding procedures.27 The electrical conductivity of multiphase CPCs, in particular, 
is influenced by the conductive filler content in the filler-rich phase, and the continuity of this 
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phase in the blends.28,29 The mechanism of the heterogeneous distribution of fillers is explained 
by the difference in the affinity of fillers to each component of the polymer blend.30 By using 
such concepts, the filler location can be predicted to some extent. 
The objective of this study is to explore the mechanism of the conductive network formation 
in binary CPC systems, and identify the influence of a secondary elastomeric phase on the PTC 
behaviour. For this, three thermoplastic elastomers (TPEs); styrene–ethylene–butylene–styrene 
(SEBS), ethylene-propylene rubber (EPR), and thermoplastic polyurethane (TPU), were 
selected and melt blended into a graphene nanoplatelet (GNP) filled HDPE masterbatch. These 
blend systems were selected as they should produce three distinct types of blend morphologies. 
These three types of morphologies are: (i) an immiscible polymer blend with a very fine droplet 
morphology for the SEBS/HDPE blends. SEBS is a triblock copolymer containing styrene 
blocks and ethylene/butylene blocks and has been widely used as a compatibilizer for 
polystyrene/polyethylene blends.31,32 Blended with HDPE it can form a fine droplet 
morphology. (ii) An immiscible polymer blend with a co-continuous morphology for the 
EPR/HDPE blends at around 50/50 volume ratio due to the ethylene blocks in EPR.33 (iii) An 
immiscible polymer blend with a coarse droplet morphology for the TPU/HDPE system, due 
to the large differences in polarities and high interfacial tensions.34,35 
This paper reveals for the first time the influence of different blend morphologies as well as 
selective localization of conductive nanofillers (GNPs) on the overall mechanical and 
pyroresistive performance of self-regulating CPCs. In doing so, it serves as a guideline for the 
selection of a secondary phase in polymer blend-based CPCs for the optimisation of both 
device flexibility and self-regulating heating performance. (This work is protected by 





A list of polymers and conductive fillers used in this work is presented in Table 1. All polymers 
were dried at 80 °C for 12 hours, prior to processing. 
Table 1 List of polymers and conductive fillers 
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Fabrication of composites 
Pure immiscible blends (SEBS/HDPE, EPR/HDPE and TPU/HDPE) of different compositions 
(10/90, 30/70, 50/50, 70/30 and 90/10 v/v) were prepared by melt mixing using a DSM X’plore 
15 micro-compounder (The Netherland), at 200 1C and 50 rpm for 5 min. Graphene 
nanoplatelets, xGnPs M15 from XG Science (USA), were compounded at a loading of 24 wt% 
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with HDPE using a Dr Collin (Germany) twin-screw compounder (ZK25 × 32 D). Throughput 
was 2 kg h-1 using a screw speed of 220 rpm and a temperature varying from 190 °C to 240 °C, 
over 8 heating zones. The produced HDPE/GNP (24 wt%) compound was used as a 
masterbatch (MB) and diluted with the different thermoplastic elastomers (TPEs) to desired 
concentrations using the DSM X’plore 15 micro-compounder and the same mild processing 
conditions as used for the neat immiscible blends. The extruded strands that were produced 
were then cut into pellets and compression moulded into rectangular shaped samples with 
dimensions of 30 mm × 10 mm ×  2 mm, using a Dr Collin hot press P300E, at 220 1C for 5 
min and 60 bar pressure. A copper mesh (0.26 mm aperture and 0.16 mm wire diameter) was 
embedded on both sides of the sample during compression moulding and used as an electrode. 
A list of all the blends and composites produced is presented in Table 2. 
Table 2 Compositions and code names of the samples 
Composites  Composition 
Contents Weight fractions Volume fractions (equivalent) 
HDPE/GNP  12 wt.% GNP + HDPE 5.6 vol.% GNP + HDPE 
 15 wt.% GNP + HDPE 7.0 vol.% GNP + HDPE 
 18 wt.% GNP + HDPE 8.7 vol.% GNP + HDPE 
 22 wt.% GNP + HDPE 10.8 vol.% GNP + HDPE 
Masterbatch 
(MB) 
24 wt.% GNP + HDPE 12.0 vol.% GNP + HDPE 
SEBS/HDPE/GNP  10 wt.% SEBS + MB 11.9 vol.% SEBS + MB 
 20 wt.% SEBS + MB 23.2 vol.% SEBS + MB 
 35 wt.% SEBS + MB 39.5 vol.% SEBS + MB 
 50 wt.% SEBS + MB 54.8 vol.% SEBS + MB 
EPR/HDPE/GNP  10 wt.% EPR + MB 12.4 vol.% EPR + MB 
 20 wt.% EPR + MB 24.1 vol.% EPR + MB 
 35 wt.% EPR + MB 40.7 vol.% EPR + MB 
 50 wt.% EPR + MB 56.0 vol.% EPR + MB 
TPU/HDPE/GNP  10 wt.% TPU + MB 9.3 vol.% TPU + MB 
 20 wt.% TPU + MB 18.8 vol.% TPU + MB 
 35 wt.% TPU + MB 33.3 vol.% TPU + MB 





Scanning electron microscopy (SEM) (FEI Inspector-F, Netherlands) was used to image the 
blend morphology as well as the distribution or selective localization of the GNPs in the blends. 
The micro-structure of the blend composites was studied on cold fractured surfaces, which 
were induced by immersing the specimens into the liquid nitrogen for 10 min. All the surfaces 
analysed were gold sputtered before imaging. 
A drop shape analyser (DSA100, KRUSS GmbH, Germany) was used to measure the contact 
angle between a reference liquid (water and ethylene glycol) droplet and solid polymer films. 
Surface energies were calculated from the contact angle data of sessile drops of 5 mL. 
The pyroresistive behaviour of all samples was tested with an apparatus consisting of a 
temperature controlled oven (heating rate of 2 °C min-1) and a two-point resistance 
measurement unit, obtained by combining a picoammeter (Keithley 6485, USA) with a DC 
voltage source (Agilent HP 6614C, USA). The thermocouple was placed close to, but not 
touching, the specimen to ensure accurate reading. A constant voltage (1 V) was applied during 
heating and cooling cycles on the rectangular specimens while the current and temperature 
were monitored and recorded simultaneously. 
To evaluate the Joule heating behaviour of the specimens, alternating voltage was applied to 
the sample whilst a thermal infrared camera (FLIR E40, UK) was used to record temperature 
changes and to capture thermal images during heating. 
The mechanical behaviour of the composite materials was evaluated using bending tests and 
tensile tests. Dumbbell shaped tensile specimens (according to ISO 37 type 4) were tested using 
an Instron 5586 at room temperature (RT), equipped with a 100 N load cell, at a rate of 0.5 mm 
min-1.37 Three-point bending was used to evaluate flexural behaviour on rectangular shaped 
samples, with the electrical resistance measured upon bending. 
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Results and discussion 
Polymer blend morphologies 
The phase behaviour of multi-component polymeric systems is of crucial importance for 
determining their physical properties. In the case of immiscible blends, forming separate phases, 
important issues are the phase morphology (size and shape) and the nature of compatibility 
(wetting and adhesion) between the phases. SEM micrographs of cryo-fracture surfaces of the 
three immiscible polymer blends with different TPE/HDPE composition volume ratios (10/90, 
30/70, 50/50, 70/30 and 90/10 v/v) are shown in Fig. 1a, which are SEBS/HDPE, EPR/HDPE, 
and TPU/HDPE, respectively. All the three types of polymer blends have a phase inversion 
taken place between 30/70 and 70/30 v/v observed from the SEM images. SEBS/HDPE blends 
show a morphology of finely dispersed droplets of SEBS around 50/50 v/v in a HDPE matrix 
due to a good compatibility for all compositions. This fine morphology is due to the SEBS 
triblock copolymer’s chemical structure, which is highly compatible with polyethylene, and is 
well studied by a number of researchers.32,38,39 The 50/50 v/v EPR/HDPE blend shows a co-
continuous morphology with the two phases clearly identifiable. The 50/50 v/v TPU/HDPE 
blends on the other hand exhibit an ‘island-in-the-sea’ morphology of coarse TPU droplets in 
HDPE. Fig. 1b illustrates the most representative three types of blend morphologies at 50/50 
v/v, which are (i) immiscible binary blend with a very fine droplet-like morphology; (ii) 
immiscible co-continuous binary blend; and (iii) immiscible ‘island-in-the-sea’ binary blend 




Fig. 1 (a) Morphologies of the three TPE/HDPE blends at different blend compositions 
(SEBS/HDPE, EPR/HDPE, and TPU/HDPE at 10/90, 30/70, 50/50, 70/30 and 90/10 v/v). 
Scale bar, 20 mm; (b) schematic illustration of three distinct types of polymer blends at around 
50/50 v/v. 
Prediction of selective localization of GNPs in polymer blends 
In order to assess the influence of the different blend morphologies, as observed in the previous 
section on the selective localization behaviour of GNPs in these TPE/HDPE blends, a simple 
thermodynamic analytical model is used. The GNP location, either in one specific phase or at 
the interface of an immiscible polymer blend, is dictated by the minimisation of the interfacial 
surface energy.40–42 Based on Young’s equation, the wetting coefficient (ωa) can be 




                             (1) 
 
Where 𝛾filler−polymer 1 , 𝛾filler−polymer 2  and 𝛾polymer 1,2  represent the interfacial energies 
between filler and polymer 1, the filler and polymer 2 and between polymer 1 and polymer 2, 
respectively. As described by Sumita et al. and afterwards by Fenouillot et al., values of 𝜔𝑎 > 
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1, 𝜔𝑎 < -1 or-1<𝜔𝑎 < 1 , mean that the filler will preferentially be localized in polymer 2, 
polymer 1 or at the interface, respectively.27, 29 The interfacial energy can be estimated by a 
geometric mean equation (Eqn (2)): 






)                (2) 
Where 𝛾1 and 𝛾2 are the surface energies of components 1 and 2; 𝛾1
d
 and 𝛾2
d are the dispersive 




 are the polar parts of the surface 
energies of components 1 and 2.20 
The surface energies of the pure polymers can be calculated by the model of Owens, Wendt, 
Rabel and Kaelble (OWRK model), which considers the geometric mean of the dispersive and 
polar parts of the liquid’s surface energy and of the solid’s surface energy, in combination with 
the Young’s equation.43 It is worth noting that this prediction was based on the surface energy 
measured at room temperature rather than at the mixing temperature. Although absolute values 
of surface energies would be different at higher, relative values between different polymers 
would still be maintained. 
Table 3 shows the tested contact angles of HDPE, SEBS, EPR and TPU films, and the 
corresponding calculated surface energies. Based on the surface energy data, the corresponding 
interfacial energy is calculated (see ESI,† Table S1). According to the data of interfacial energy 
and eqn (1), 𝜔𝑎 are listed for the GNP filled polymer blends respectively. The properties of the 
GNP/HDPE masterbatch have also been taken into consideration for predicting the final 
location of the GNPs. Following this theoretical approach, the thermodynamic calculations 
indicated that the GNPs should remain in the HDPE phase in the case of EPR/HDPE blends, 
while in SEBS/HDPE as well as TPU/HDPE, the GNPs should be preferentially located at the 




Table 3 Surface energy data of the different components 
Material 
𝜽 [deg] Surface energy [mJ m-2] 
Water Ethylene Glycol 𝛾 𝛾d 𝛾p 
HDPE 95.4 71.7 30.0 29.4 0.6 
SEBS 94.2 83.1 15.9 4.0 11.9 
EPR 94.5 69.0 34.5 34.2 0.3 
TPU 99.9 82.0 18.4 16.5 1.8 
GNP - - 53.0 39.1 13.944 
 
Table 4 Wetting coefficient and predicted location of GNPs 
Blends 
𝝎𝒂 
Geometric mean equation 
Predicted location 
GNP/(SEBS/HDPE) -0.4517 SEBS/HDPE interface 
GNP/(EPR/HDPE) -4.2280 HDPE phase 
GNP/(TPU/HDPE) -0.3742 TPU/HDPE interface 
 
Morphology of GNP filled binary polymer blends 
In order to get an insight into the microstructure of the composites and the preferential 
localization of the GNPs in the blends, SEM micrographs are presented in Fig. 2. Morphologies 
of HDPE/GNP (12 wt%) composites are shown in Fig. 2a as a reference for the GNP 
distribution in the three TPE/HDPE blends. 
Fig. 2b illustrates the morphology of the fine morphology blend SEBS/HDPE/GNP (50 wt% 
SEBS), where the GNP dispersion condition is very similar to the case of the HDPE/GNP 
composite. In theory, the fillers should be located at the interface between the two polymers. 
However, due to the fine morphology of the SEBS/HDPE blend, the size of the SEBS phases 
is much smaller than that of the GNP. Hence, on the scale of the SEM micrographs, it is 
reasonable to assume that the GNPs are dispersed homogeneously in the SEBS/HDPE blend. 
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In the co-continuous EPR/HDPE/GNP blend (50 wt% EPR), the GNP particles are mostly 
present in the HDPE phase rather than in the EPR phase (Fig. 2c), which is in accordance with 
the prediction by the wetting coefficient. Moreover, the higher viscosity of EPR (see the ESI,† 
Fig. S1) is an additional factor which explains why the fillers stay in HDPE, and is in agreement 
with Feng et al. and Zhou et al.45,46 Fig. 2d shows the TPU/HDPE/GNP blends (50 wt% TPU) 
whose morphology differs from the neat TPU/HDPE blends with the same composition. This 
indicates that the addition of fillers influences the blend morphology, which makes the 
composites forming a less clear droplet shaped morphology.25 It can be found that a large 
proportion of the GNP fillers are located at the interface between the HDPE and TPU phase, 
while still a smaller proportion of the GNPs in both the HDPE and TPU phase. Apparently due 
to the relatively large lateral dimensions of GNP fillers, some of the fillers at interfacial regions 
are bridging two phases, resulting in a less distinguished two phase morphology which is 
slightly different from previous observations in pure polymer binary systems (higher 
magnification SEM graphs of the three blends can be found in the ESI,† Fig. S2). The location 
of GNPs and the morphologies of the polymer blends should have a significant influence on 




Fig. 2 SEM images of (a) HDPE/GNP (12 wt%) composites as a reference for GNP distribution; 
(b) SEBS/HDPE/GNP (50 wt% SEBS), with GNPs dispersed similar to the HDPE/GNP 
composite; (c) EPR/HDPE/GNP (50 wt% EPR), with the GNP particles mostly present in the 
HDPE phase rather than in the EPR phase; (d) TPU/HDPE/GNP (50 wt% TPU), with a large 
proportion of the GNP fillers located near the interface between HDPE and TPU phase. 
 
Electrical properties of GNP filled polymer blends 
The volume electrical conductivity of HDPE/GNP composites made by melt-compounding and 
compression moulding are displayed in Fig. 3a. Classical percolation theory is used to describe 
the conductivity change of the HDPE/GNP composite by a scaling law: 
𝜎 = 𝜎0(𝜑 − 𝜑𝑐)
𝑡                     (3) 
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Where 𝜎 is the conductivity of the conductive polymer composite (CPC), 𝜎0 is a scaling factor, 
𝜑 is the filler content and 𝜑𝑐  is the percolation threshold, and t is the critical exponent which is 
expected to depend on the conductive system dimensionality only. The percolation threshold 
can be determined by fitting the experimental data with eqn (3). In the case of HDPE/GNP 
composites, the percolation threshold is calculated to be 8.8 wt% (4.0 vol%). (Fit shown in the 
inset.) 
It is interesting to evaluate the dependence of the conductivity on the blend composition. By 
blending 10, 20, 35, and 50 wt% of a secondary thermoplastic elastomeric phase into the 
HDPE/GNP masterbatch (24 wt% of GNP loading), the electrical conductivity evolves in quite 
a different way, depending on the TPE selected. SEBS/HDPE/GNP composites show the 
largest drop in the conductivity level with the addition of SEBS, as shown in Fig. 3b. The 
conductivity of 50 wt% SEBS is around 5 orders of magnitude lower than the HDPE/GNP 
masterbatch. On the other hand, the conductivity of 50 wt% EPR is only reduced by one order 
of magnitude, which means that here the conductive pathways are barely affected by the 
addition of the secondary polymer. The conductivity change of the TPU/HDPE/GNP 
composite sits in between that of the other two blends. 
The above conductivity results confirmed the morphological microstructures of the three 
blends and the preferential localization of the GNP in each blend. Due to the good dispersion 
of GNPs in the highly compatible SEBS/HDPE blend, a typical dilution effect is observed. 
While in the EPR/HDPE binary blends, the fillers stay in the HDPE phase within the co-
continuous structure. Thus, the filler content in the HDPE phase stays at a relatively same level 
as the masterbatch loading. In the TPU/HDPE/GNP composite, most of the GNPs move to the 
interface between TPU and HDPE, while a smaller proportion of the filler migrates into the 
TPU phase, which results in a reduced conductivity, albeit to a lesser degree as for the 
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SEBS/HDPE/GNP blends. The conductivity behaviour of the composites should strongly 
influence the pyroresistive behaviour of the blend systems, which will be discussed in the next 
section. 
 
Fig. 3 (a) Percolation curves of HDPE/GNP composites and percolation threshold (jc) of 4.0 
vol%, calculated by fitting the experimental data with eqn (3) (see the inset), and (b) 
dependence of conductivity on the ratio of binary TPE polymer for SEBS/HDPE/GNP; 
EPR/HDPE/GNP, and TPU/HDPE/GNP composites. 
Pyroresistive behaviour of GNP filled polymer blends 
The effect of temperature on the electrical resistivity of the neat HDPE/GNP composites is 
shown in Fig. 4a. The resistivity barely changes with temperature till 130 °C, after which a 
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very sharp increase is experienced up to 140 to 150 °C, demonstrating a large PTC effect. This 
critical temperature mainly depends on the melting temperature of HDPE as indicated by the 
DSC curve of pure HDPE (see ESI,† Fig. S3). This can be explained as follows: at relatively 
low temperatures (<120 °C), thermal expansion of the polymer matrix reduces the contact 
between the GNP particles only slightly, leading to a gradual increase in resistivity of the 
nanocomposite. However, around the melting temperature of HDPE (120 to 140 °C), a huge 
increase in thermal expansion due to melting of the crystalline phase disconnects the 
conducting paths, resulting in an abrupt jump in resistivity of more than 2 orders of magnitude. 
At temperature well above the melting point of HDPE, the resistivity of the composite begins 
to decrease, leading to a negative temperature coefficient (NTC) effect. This can be ascribed to 
‘dynamic percolation’ or the formation of new conductive pathways resulting from the 
relaxation of the polymer structure and the agglomeration of GNPs when the melt viscosity of 
HDPE is sufficiently low.5,47,48 Moreover, the lower the GNP content, the higher the initial 
resistivity as well as the PTC intensity value.49 
The addition of a secondary thermoplastic elastomeric phase significantly modified the PTC 
behaviour of the HDPE/ GNP composites. The PTC effect of SEBS/HDPE/GNP blends shows 
a similar trend as of HDPE/GNP composites at each blend composition, although the room 
temperature resistivity is significantly affected by the addition of SEBS. However, the PTC 
intensity is almost invariant with the SEBS loading (Fig. 4b). On the other hand, both the room 
temperature resistivity and the PTC intensity of the EPR/HDPE/GNP blends are independent 
of EPR loading as shown in Fig. 4c. This result is consistent with the morphological SEM 
observations, which showed a continuous HDPE phase where GNPs are preferentially located. 
This dominates the electrical and pyroresistive behaviour of the blends, even at higher EPR 
loadings. In the case of the TPU/HDPE/GNP blends (Fig. 4d), the migration of GNP towards 
the HDPE/TPU interface and into the TPU phase resulted in an increase in room temperature 
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resistivity with TPU content while the PTC intensity decreased. It can therefore be concluded 
that tuneable self-regulating heating functions can be achieved by controlling (i) the blend 
morphology, (ii) the conductive filler network and (iii) the localization of the filler within the 
blend. 
 
Fig. 4 The effect of temperature on the electrical resistivity of: (a) HDPE/GNP composites with 
different filler content; (b) SEBS/HDPE/GNP composites with different SEBS loadings, where 
room temperature resistivity is significantly affected by the addition of SEBS; (c) 
EPR/HDPE/GNP composites with different EPR loadings, where both room temperature 
resistivity and PTC intensity were independent of EPR content; and (d) TPU/HDPE/GNP 
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composites with different TPU contents, where an increase in room temperature resistivity is 
observed with TPU content while the PTC intensity decreased. 
Joule heating properties of GNP filled blends 
Efficient Joule heating is an essential requirement in a final self-regulating heating device. The 
electrical heating properties of HDPE/GNP MB and TPE/HDPE/GNP composites (with a GNP 
content of about 19.2 wt% and a TPE content of 20 wt% respectively) are evaluated by 
measuring the changes in temperature and resistance under an applied AC voltage and are 
shown in Fig. 5a. For all four composites; HDPE/GNP, SEBS/HDPE/GNP, EPR/HDPE/GNP 
and TPU/HDPE/GNP, a stable self-regulating temperature between 100 and 120 °C is achieved 
within a short period of time. Fig. 5b shows the change in heating power, which is maximum 
at room temperature and autonomously decreases until the same temperature range is reached. 




Fig. 5 (a) Stabilised self-regulating temperatures between 100 and 120 °C were achieved by a 
Joule heating approach for each of the four composites (HDPE/GNP MB, SEBS/HDPE/GNP, 
EPR/HDPE/GNP and TPU/HDPE/GNP with a GNP loading of about 19.2 wt% and a TPE 
content of 20 wt%); (b) electrical power changes with increasing temperature, autonomously 
decreases and maintains at a similar range when PTC temperature is reached; (c) thermal 
images show uniformly heated samples for each type of composite. 
Mechanical behaviour of GNP filled polymer blends 
In order to develop high performance GNP based composites, the effect of TPE addition on the 
mechanical tensile properties was examined on the HDPE/GNP masterbatch as well as for the 
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TPE/HDPE/GNP composites. Typical stress–strain curves as a function of secondary TPE 
phase are shown in Fig. 6 and Young’s modulus, tensile strength, and strain-at-break are 
reported (see ESI,† Table S2). For SEBS/HDPE/GNP blends, the strain-at-break increases 
dramatically with increasing concentration of the thermoplastic elastomer, while the elastic 
modulus is inversely correlated as shown in the ESI,† Table S2. Dynamic mechanical analysis 
(DMA) of a neat polymer has been demonstrated in the ESI,† Fig. S4, showing the storage 
modulus as a function of temperature as a guidance of elastic performance of TPE. Blending 
with SEBS clearly reduces the brittleness of the highly loaded masterbatch. However, for the 
EPR/HDPE/GNP blends there is no clear trend of an increase in strain-at-break until 50 wt% 
EPR was incorporated into the masterbatch. Only when a co-continuous TPE phase is formed 
in the blend, a significant improvement in ductility is obtained for this system. In 
TPU/HDPE/GNP blends we even observed an adverse effect of the increasing TPE content on 
ductility. Here the strain-at-break decreases slightly at a high elastomer content. This is 
possibly due to partial phase segregation as a result of the poor interfacial bonding between the 




Fig. 6 Stress–strain responses of the HDPE/GNP and TPE/HDPE/GNP composites as a 
function of secondary TPE phase loading. 
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For many heating devices such as wearable smart heaters and heating mats or jackets, high 
mechanical flexibility is another important requirement as these devices need to be wrapped 
around complex structures. For example, in order to wrap around canned food and heat up, the 
device requires a bending radius of at least 5 cm. Unfortunately, the highly filled HDPE/GNP 
masterbatch is a rather brittle material (Fig. 7a), failing at a deflection of 1 mm in a three-point 
bending experiment, equivalent to a radius of curvature of 5 cm. Fig. 7b presents the actual 
photos of bending tests of composite samples, and demonstrates the flexibility and robustness 
of the GNP filled binary blends. The bending radius increased dramatically as shown in Fig. 
7a, with the electrical resistance measured upon bending. The failure radius is reduced to 3 cm 
with 50 wt% TPU added, while EPR/HDPE/GNP blends decrease further the failure radius to 
1 cm. SEBS/HDPE/GNP blends show the greatest improvement in flexibility with a failure 
radius as low as 0.3 cm, which is sufficient for most of the applications requiring high flexibility. 
Considering the morphological differences between the three TPE/HDPE blends, the 
EPR/HDPE/GNP blend shows the least variation in electrical resistance during bending, which 
can be largely attributed to the co-continuous blend morphology of this system and the 
preferential GNP localization in the continuous HDPE phase. SEBS/HDPE/GNP blends 
showed the greatest improved mechanical bending flexibility compared with other blends due 




Fig. 7 Bending characterization of the HDPE/GNP MB and TPE/HDPE/GNP composites. (a) 
Electrical resistance change of samples as a function of deflection and bending radii, the 
addition of 50 wt% TPU, EPR, SEBS reduced the failure bending radius to 3 cm, 1 cm and 0.3 
cm, respectively; (b) photographs of SBES/HDPE/GNP (50 wt% SEBS) composites at 
different bending radii, demonstrating the flexibility and robustness of the GNP filled binary 
blends. 
Conclusions 
The selection of a secondary thermoplastic elastomeric (TPE) phase to be added to a 
HDPE/GNP composite was demonstrated to greatly affect the morphology of the resulting 
blends, leading to an immiscible binary blend with either a fine or course droplet morphology, 
or a co-continuous morphology. The localization of the conductive nanofiller can be controlled 
24 
 
to be either in one phase or at the interface between two phases, as predicted by a simple 
analytical model together with the Young’s equation, depending on polymer viscosity and 
surface energies. The control over the microstructure enabled tunable electrical conductivity 
and PTC behaviour, with different initial room temperature resistivity and PTC intensity for 
each blend. Moreover, developed materials’ flexibility was greatly enhanced for the TPE 
modified composites, as demonstrated by a 7 times increase in the failure bending deflection. 
Compared to the neat HDPE/GNP composites the strain-at-break values increased for the 
SEBS/HDPE/GNP blend from 5% to more than 300%. The EPR/HDPE/GNP blend, with a co-
continuous morphology, appears particularly interesting for future applications in self-
regulating heating devices as the electrical resistivity is independent of the bending radius to a 
large extent. 
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